C ardiovascular disease remains the leading cause of death in the Western world 1, 2 . Despite significant advances in therapeutic modalities, such as heart transplantation or ventricular assist device implantation, and riskreduction strategies, a substantial disease burden remains 3 . This health problem has prompted research into new therapeutic strategies including regenerative medicine with stem cells [4] [5] [6] . Among various stem cell populations, pluripotent stem cells (PSCs), including embryonic stem cells (ESCs) and induced pluripotent stem cells (iPSCs), possess outstanding capacity for cardiac regeneration due to their potential of infinite expansion and efficient differentiation into most somatic cell lineages 7, 8 . Nevertheless, many obstacles, such as poor engraftment of the injected cells to the heart, have inhibited the clinical translation of cardiac cell therapies based on these stem cell populations 9, 10 . We have developed a cell-sheet system using a culture surface grafted with a temperature-responsive polymer, poly (N-isopropylacrylamide) (PIPAAm), which enables cell sheet collection without enzymatic digestion and allows us to easily generate a transplantable tissue-like structure [11] [12] [13] . Previously, we reported a transplantation study in rat infarcted hearts using cardiac tissue sheets bioengineered with mouse ESC-derived defined cardiac cell populations with cardiomyocytes (CMs), endothelial cells (ECs) and mural cells (MCs; vascular smooth muscle cells and pericytes) 11 . All of these populations were systematically induced from ESC-derived Flk1 (also designated as vascular endothelial cell growth factor [VEGF] receptor-2)-positive mesoderm cells as common cardiovascular progenitors [14] [15] [16] . In that previous study, we showed clear functional recovery through paracrine effects, such as neovascularization, that were mainly mediated by donor CM-derived angiogenic factors such as VEGF. VEGF secretion from donor CMs was highly enhanced by the co-existence of ECs, indicating the importance of cellular interactions between CMs and non-myocytes in cell sheet functions.
Here we extend our cardiac cell sheet strategy towards a more clinical direction using human iPSC-derived cell sheets. We hypothesized that cardiac tissue sheets, including cardiovascular cell populations induced from human iPSCs (hiPSCCTSs), could show high potential for ameliorating the cardiac dysfunction that follows myocardial infarction (MI). (Fig. 1a,b ). This modification is based on our previous report, which described a monolayer culture-based efficient CM differentiation protocol 17 . In that protocol, the gene expression level of cardiac mesoderm and/or progenitor genes (KDR/ISL1) peaks on differentiation day 5 (d5), and the addition of Dkk1 (a canonical Wnt antagonist) during d5-7 enhanced CM differentiation from mesoderm cells (Fig. 1a, left) . This time, we attempted vascular cell induction together with CMs using an angiogenic cytokine, VEGF, which we have reported induces EC differentiation from mouse ESC-derived Flk1-positive mesoderm cells 14 . The addition of VEGF instead of Dkk1 during d5-15 resulted in the simultaneous induction of ECs along with CMs, which was not observed in our previous method ( Fig. 1 and Supplementary Fig. 1 ). The cellular component of the cardiovascular cell populations on d15 was 76.1 6 16.9% for cTnT (cardiac troponin-T)-positive CMs, 10.6 6 4.8% for vascular endothelial (VE)-cadherin (CD144)-positive ECs and 10.9 6 14.4% for platelet-derived growth factor receptor beta (PDGFRb; CD140b)-positive MCs according to flow cytometry (n513, VEGF 50 ng/ml, Fig. 1c ). These results indicate that this stage-specific modification can control the direction of the differentiation from ''exclusive CMs'' to ''CMs plus vascular cells'' upon the appropriate proportional induction of each cardiovascular cell population. We also confirmed that during the differentiation protocol, the TRA-1-60-positive undifferentiated human iPSC component was diminished to 1.2 6 0.8% of total cells on d15 from approximately 80% of cells on d0 (Fig. 1c) .
Results

Simultaneous induction of
Generation of hiPSC-Cardiac Tissue Sheets (CTSs). We then generated cell sheets with hiPSC-derived cardiovascular cells. We continued culturing cells until d15 before generating cell sheets (3-6 days after the appearance of beating cells), which brought less contamination of undifferentiated human iPSCs among the cultured cells. We collected the differentiated cells at d15, plated them onto 12-multiwell temperature-responsive culture plates (1.0 3 10 6 cells/well, UpCell, CellSeed, Tokyo, Japan), and re-cultured them for an additional 4 days. Temperature reduction successfully provided re-assembled self-pulsating cell sheets (hiPSC-CTSs) (Fig. 2a,b and Supplementary Video 1). The CTS consisted of 3-4 cell layers with intact stratified structure of collagen adjacent to the cell components (Fig. 2c) . Immunostaining for CMs (cTnT-positive) showed that CMs were dominantly distributed within the sheet (Fig. 2c) . The CTS consisted of CMs (72.2 6 16.5% of total cells), ECs (5.7 6 5.1%), and MCs (20.2 6 22.3%) according to flow cytometry (n513) (Fig. 2d ). Undifferentiated cells were 1.1 6 0.7% of total cells in the sheet (n513) (Fig. 2d) . The slight change in cellular components compared to those before plating onto UpCell plates is possibly due to differences in attachment efficiency, cell death and proliferation efficiency among each population. The total cell count of the sheet was 7.44 6 1.78 3 10 5 on average (n513). These results indicate that a cardiac tissue-like structure, including CMs and vascular components, was successfully generated from hiPSCs only. As a comparison, we also attempted to generate a sheet construct from purified CMs. We performed immunomagnetic selection for VCAM1 (vascular cell adhesion molecule 1; CD106)-positive cells at d15, which are considered pure CMs (.95%) 17 . We plated the purified CMs onto UpCell plates, however, these cells failed to form sheet structures even with sufficient cell numbers for confluence after 4 days of culture ( Supplementary Fig. 2 ). These results suggest that non-myocytes are essential for generating a cell sheet structure by re-assembling cardiac cell populations.
HiPSC-CTS transplantation ameliorates cardiac dysfunction after rat sub-acute myocardial infarction. Three hiPSC-CTSs were layered to form a 3-sheet structure in vitro (Fig. 2b) , and transplanted into an athymic nude rat sub-acute MI model 11, 18 . All transplanted and shamoperated rats (n519 for each group) survived the 8-week posttransplant observation period with no tumor formation. We followed cardiac function with an echocardiogram during this 8-week period (n519) (Fig. 3) 
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. HiPSC-CTS transplantation dramatically restored anterior wall contraction, which had been reduced after MI induction (Fig. 3a) . Transplantation significantly improved parameters for left ventricle (LV) systolic function, fractional shortening (FS) and fractional area change (FAC) (Fig. 3b,c) , and also significantly recovered systolic thickening of the infarct wall (Fig. 3d) . The percentage of akinetic endocardial length in the whole LV endocardial circumference (AL) was approximately 20% in the transplantation group after MI induction (almost equal with that of the sham operation group), but recovered to become almost undetectable after 8 weeks of transplantation, whereas it gradually increased in the sham operation group (Fig. 3e) . Although the LV diastolic diameter increased in both groups, the extent of dilation was significantly smaller in the transplantation group compared to the sham operation group (Fig. 3f) . We also examined the extent of fibrosis after transplantation. Sirius red staining revealed that hiPSC-CTS transplantation limited the extent of fibrosis at 4 weeks after transplantation compared to the sham operation group (Supplementary Fig. 3 ). All of these findings indicate that hiPSC-CTS transplantation improved LV systolic function through the attenuation of LV remodeling after MI, which was also observed in our previous report using mouse ESC-derived CTS transplantation 11 .
Engraftment of human iPSC-derived cells and neovascularization following hiPSC-CTS transplantation. Next, we traced the extent of cell engraftment after transplantation of hiPSC-CTS using immunostaining for human nuclear antigen (HNA), which is positive for transplanted human cells and negative for rat recipient cells. At an early phase after transplantation (3 days after transplantation; Tx-d3), distinct clusters of engrafted human CMs positive for HNA and cTnT were observed in most examined rats (Fig. 4a) . In contrast to our previous results with mouse ESCs, in which almost no engraftment of transplanted cells was observed at a chronic phase (Tx-d28), engrafted human cell clusters that consisted mainly of CMs were still observed in over 40% of transplanted rats even at a chronic phase (4 of 9 rats; 44.4%). The engrafted area reached 24.7 6 15.7% of the infarcted area (ranged from 5.5% to 44.0%) (Fig. 4b) . Von Willebrand factor (vWF) staining for ECs demonstrated a prominent accumulation of vWF-positive ECs in close proximity to the engrafted CMs at Tx-d3 (Fig. 4a) , indicating an angiogenic mechanism mediated by the engrafted human iPSCderived CMs similar to that mediated by mouse ESC-derived CMs 11 . The angiogenic effect resulted in a significant increase in capillary density within the infarcted area at Tx-d28 ( Supplementary Fig. 4 ). We further investigated vascular formation in the engrafted area at Tx-d28. Even though we could not confirm graft-originated vascular formation in the engrafted area, we found recipient-originated vascular luminal structures (vWF 1 /HNA 2 ) penetrating the engrafted human cell clusters (Fig. 4c) . These results suggest that the functional benefits after hiPSC-CTS transplantation should be mediated by the synergistic enhancement of a fair engraftment of hiPSC-derived CMs supported by blood supply and a neovascularization mediated by transplanted human CM-derived angiogenic paracrine effects.
Discussion
In the present study, we developed a novel human iPSC differentiation protocol for cardiovascular cells, generated fully hiPSC-engineered CTSs, and showed efficient effects and mechanisms for cardiac regeneration after sheet transplantation into a rat MI model. Enhanced neovascularization and sheet engraftment suggests the importance of the co-existence and interaction between CMs and non-myocytes for stem cell-based cardiac regeneration. There exist several reports describing highly human iPSC-derived CM-enriched cell sheet transplantation for a porcine MI model with positive functional outcomes 20, 21 . Although we could not directly compare the therapeutic effects of cell sheets with ''exclusive CMs'' and those with ''CMs plus vascular cells'' due to an inability to form pure CM sheets ( Supplementary Fig. 2 ), the addition of vascular cells, that is, CTSs consisting of ''CMs plus vascular cells'', is expected to bring better outcomes than those consisting of ''exclusive CMs'' considering the results presented here and those from the transplantation of mouse ESC-derived CTSs 11 . Further attempts to control the cell distribution for a more organized tissue structure might enhance sheet functions and beneficial outcomes after transplantation 22 . Though this study extends our previous mouse ESC-based study 11 to human iPSCs, we found significant differences, including a considerable volume of survived cell clusters 4 weeks after transplantation in the present work that was not observed in the mouse study.
Although the mechanisms of the increased engraftment remain unclear, there are a number of possible potent endogenous survival mechanisms that may explain the difference, including anti-apoptosis, promotion of cell survival, cell homing or angiogenesis 23 . Indeed, moderate vascularization in grafted tissues from the recipient was observed (Fig. 4c) , although we could not demonstrate a clear contribution by the donor-derived vascular graft. Bioengineering strategies that pre-vascularize the graft tissue might enhance the vascular connection between the host and graft for better long-term engraftment 24 . All transplanted rats survived the 8-week observation period with no accidental death suggesting that there might be no lethal arrhythmic event even on rats with fair engraftment of human CMs. It was reported that human ESC-derived CM transplantation attenuated ventricular tachycardia after myocardial infarction 25 . This advantageous effect might also be possible with the present human iPSC-derived cell transplantation. Assessment of the proarrhythmic potential of the iPSC-CTS transplantation is critical before this method reaches clinical application. However, we were unable to obtain direct evidence of any electrical integration between the grafted and host tissues or synchronous contractions of the grafted CMs with the host hearts due to the considerably different beating rates between rodent and human hearts. Therefore, larger animal models that have similar intrinsic beating rates with human hearts may be preferred. We also found no tumor formation during the observation period. At the same time, longer observation periods would be desirable to further certify the safety of this iPSC-derived cell transplantation therapy 26 . We anticipate continued evolution in the technical generation of ''safer'' iPSCs with minimal risk of tumor formation are required prior to the initiation of human iPSC-based cardiac cell therapy 27, 28 . Although several safety issues still remain to be resolved, our results demonstrate the promise of hiPSC-derived cardiac tissue sheet transplantation in cardiac regeneration after MI.
Methods
All protocols were approved by the Kyoto University Animal Experimentation Committee and performed in accordance with the guidelines for Animal Experiments of Kyoto University, which conforms to Japanese law and the Guide for the Care and 8, 27 . 201B6 was used as representative human iPSCs representative in all experiments unless stated otherwise. Human iPSC culture method was previously reported in detail 17, 29 . These cells were adapted and maintained on thin-coat matrigel (growth factor reduced, 1560 dilution; Invitrogen, Eugene, USA) in mouse embryonic fibroblast conditioned medium (MEF-CM) supplemented with 4-5 ng/mL human basic fibroblast growth factor (hbFGF; WAKO, Osaka, Japan). Cells were passaged as small clusters once every 4-6 days using CTK solution (0.1% collagenase IV, 0.25% Trypsin, 20% knockout serum replacement (KSR), and 1 mM CaCl 2 in phosphate buffered saline (PBS)).
Cardiovascular cell differentiation was induced as previously reported 17,29 with some modifications, as shown in Fig. 1b . Cells were detached following a 3-5 min incubation with Versene (0.48 mM EDTA solution; Invitrogen) and seeded onto matrigel-coated plates at a density of 100,000 cells/cm 2 in MEF-CM with 4 ng/mL bFGF for 2-3 days before induction. Cells were covered with matrigel (1560 dilution) on the day before induction. To induce cardiac differentiation, we replaced MEF-CM with RPMI1B27 medium (RPMI1640, 2 mM L-glutamine, 13 B27 supplement without insulin) supplemented with 100 ng/mL of Activin A (ActA; R&D, Minneapolis, USA) for 24 hours, followed by 10 ng/mL human bone morphogenetic protein 4 (BMP4; R&D) and 10 ng/mL bFGF for 4 days without culture medium change. The culture medium was subsequently replaced with RPMI1B27 supplemented with VEGF 165 (WAKO), and culture medium was refreshed every other day. VEGF 165 was used at a concentration of 50 ng/ml in all experiments unless stated otherwise. Beating cells appeared at day 9-12. ''n'' values in the main text mark the number of times the differentiation experiments with the present protocol were independently performed. For the cardiomyocyte differentiation protocol without VEGF ( Supplementary Fig. 1 ), we used RPMI1B27 supplement with insulin and 100 ng/mL of Dkk1(R&D) on d5-7 and refreshed culture medium every other day with RPMI1B27 supplement with insulin.
Human iPS cell-derived cardiac tissue sheet formation. Cells after differentiation (d15) were dissociated by incubation with Accumax (Innovative Cell Technologies, San Diego, USA) and plated onto a gelatin-coated 12-multiwell UpCell at 2.6 3 10 5 cells/well with 1 mL of attachment medium (AM; alpha minimum essential medium (aMEM; Invitrogen) supplemented with 10% fetal bovine serum (FBS) and 5 3 10 25 M 2-mercaptoethanol) containing VEGF 165 and a ROCK inhibitor (Y-27632, 10 mM; WAKO). After two days in culture, the culture medium was replaced with RPMI1640 medium containing 2 mM L-glutamine, 10% FBS and VEGF 165 . After two more days in culture, cells were moved to room temperature. Within 15-30 minutes, cells detached spontaneously and floated in the media as a monolayer cell sheet.
Flow cytometry, cell sorting, and fluorescent microscopy. Cells after hiPSC differentiation and generated cell sheets were dissociated by incubation with Accumax and stained with one or a combination of the following surface markers: anti-VCAM1 conjugated with allophyco-cyanin (APC), clone STA, 15200 (BioLegend, San Diego, USA); anti-PDGFRb conjugated with phycoerythrin (PE), clone 28d4, 15100 (BD, Franklin Lakes, USA); anti-VE-cadherin conjugated with fluorescein isothiocyanate (FITC), clone 55-7h1, 15100 (BD); and anti-TRA-1-60 conjugated with FITC, clone Tra-1-60, 1520 (BD). To eliminate dead cells, cells were stained with the LIVE/DEAD fixable Aqua dead cell staining kit (Invitrogen). For cell surface markers, staining was carried out in PBS with 5% FBS. For intracellular proteins, staining was carried out on cells fixed with 4% paraformaldehyde (PFA) in PBS. Cells were stained with the anti-cardiac isoform of Troponin T (cTnT) (clone 13211, Thermo Fisher Scientific, Waltham, USA) labeled with Alexa-488 using Zenon technology (Invitrogen) (1550). The staining was performed in PBS with 5% FBS and 0.75% Saponin (Sigma, St. Louis, USA). Stained cells were analyzed and sorted on an AriaII flow cytometer (BD). Data were collected from at least 5,000 events. For magnetic activated cell sorting (MACS; Miltenyi, Bergisch Gladbach, Germany), cells were stained with anti-VCAM1 antibody conjugated with APC (BioLegend) followed by anti-APC microbeads (Miltenyi). Data were analyzed with DIVA software (BD). For fluorescent microscopy, hiPSC-CTSs were stained for cTnT (anti-cardiac isoform of cTnT, Thermo Fisher Scientific; 15500) with DAPI (4, 6 diamidino -2-phenylindole; Invitrogen). Anti-mouse Alexa 546 (Invitrogen) was used as a secondary antibody. Stained sheets were photographed with an all-in-one fluorescent microscopic system, Biorevo BZ-9000 (Keyence, Osaka, Japan).
Animal model preparation, transplantation and echocardiogram. Male athymic nude rats (F344/N Jcl-rnu/rnu, CLEA Japan, Inc., Tokyo, Japan) aged 10-13 weeks were used for transplantation. MI model rats were created as previously described 11 . Rats whose hearts revealed less than 40% fractional shortening (FS) by echocardiogram just before MI induction were enrolled in further experiments. Cell sheet transplantation was performed 1 week after MI induction, which we call the ''sub-acute phase'' of MI. The sub-acute phase should be the optimal transplantation period that avoids damaging the transplanted cell with acute inflammation and obtains sufficient tissue repair before fibrotic scar formation in the chronic stage (Supplementary video 2) 11, 18 . Rats were randomly divided into two groups: rats transplanted with cell sheets (Tx group) and sham-operated rats (sham group). The piling of 3-sheets and transplantation of cell sheets were performed as previously described 11 .
Transthoracic echocardiogram was performed with a Vivid 7 system (GE Healthcare, Waukesha, USA) and 11-MHz imaging transducer (GE 10S ultrasound probe; GE Healthcare, Little Chalfont, UK). Evaluations were performed as previously described 11 .
Histological analysis. Tissue sheets were fixed in 4% PFA and embedded with paraffin. Sections (6 mm thickness) were prepared and stained with HematoxylinEosin and Sirius red. Cell sheets generated from the 836B3 human iPSC line were used for staining. Hearts were fixed in 4% PFA and embedded in OCT compound (Sakura Finetek Japan, Tokyo, Japan) and frozen. Five sections with 6-mm thickness were made at 50-mm intervals along the short axis from the center of the MI area for each rat and examined for Sirius red staining and immunofluorescence staining. MI length of fibrotic lesions at the level of the endocardium and total length of the endocardium were manually traced and measured with Sirius red staining sections, and the ratio of the MI length and total length was calculated for each section. Values corresponding to each rat are an average of 5 calculated sections for each rat heart. For immunofluorescence staining, sections were treated with Protein Block Serum Free (DAKO) and incubated for 60 min with primary antibodies at room temperature. Anti-mouse Alexa 546 or 488 (15500) and anti-rabbit Alexa 488 (Invitrogen) (15400) were used as secondary antibodies. The area of engrafted human cells was manually selected as positive cell clusters for staining with human nuclear antibody (HNA) (mouse monoclonal, clone 235-1; Millipore, Billerica, USA) (15100). The selected engrafted area and MI area (manually selected as lower panel of Fig. 4b) were measured, and the ratio of the areas was calculated. Values corresponding to each rat are an average of 5 calculated sections for each rat heart. Anti-cTnT antibody (rabbit polyclonal; Abcam, Cambridge, UK) (15500) was used for double staining with cTnT and HNA. For capillary density (capillary number/mm 2 ), 20 random views of every rat heart that evenly included the border zone and central zone of the MI (3400, original magnification) were selected from vWF-stained sections, and the number of capillaries was manually counted in each view. For vWF staining, a rabbit polyclonal antibody (DAKO) was used as the primary antibody (15800). A mouse monoclonal cTnT antibody (clone 13211, Thermo Fisher Scientific) (15200) was used for double staining with cTnT and vWF. All immunostained sections were photographed, measured and calculated with Biorevo BZ-9000.
Statistical analysis. The data were processed using Dr SPSS II software for windows (version 11.0.1J, SPSS Inc, Chicago, USA). Comparisons between two groups were made with the unpaired t-test. Comparisons between .2 groups were made with twoway analysis of variance (ANOVA) followed by Tukey's test as post hoc. Values are shown as mean 6 SD. P values ,0.05 were considered significant.
